We characterized high-frequency relative phase jitter power spectral density of soliton molecules generated from a passively mode-locked Er:fiber laser based on tracking fast shifts of an spectral interference fringe.
Introduction
Mode-locked lasers have long been used as a practical test bed for complex dissipative nonlinear dynamics widespread in nature. Bound-state pulses from a mode-locked laser, also known as soliton molecules, attracted special attention due to the central role on the investigation of dynamic attraction behaviors in dissipative systems [1] . In-depth investigation into the soliton interaction dynamics requires advanced probing methods. Optical spectrum analysis has been routinely used to study the soliton molecular properties. However, this is essentially a time-averaged method, which only indirectly measures a limited number of stationary soliton molecular parameters, such as pulse separation and phase difference. Time-stretch dispersive Fourier-transform (TS-DFT) technique [2] permits single shot optical spectrum measurement by employing chromatic dispersion to map the broadband spectrum of an optical pulse into a time-stretched temporal waveform. A variety of ultrafast and transient multisoliton dynamics has been resolved by this enabling technique in recent years [3] .
Recently, we propose a new high resolution approach to investigate the inner soliton molecular motions in a passively mode-locked fiber laser based on power spectral density (PSD) analysis. This brings the observation of sub-femtosecond relative timing jitter of soliton molecular binding separation as well as a few new categories of vibrating state [4] . Here, we further extend the PSD analysis to relative phase jitter measurement in a soliton molecule. To this end, the relative phase jitter within a twin-soliton molecule has been monitored with high speed and sub-mrad precision by tracking spectral shifts of an optical spectral interference fringe. The relative phase noise PSD has been characterized up to 10 MHz Fourier frequency. The measurement provides in-depth insight into ultrafast soliton molecular dynamics.
Experiments
The experiment setup for relative phase noise PSD measurement for soliton molecules is shown in Fig. 1(a) . The soliton molecule under test is generated from a nonlinear amplified loop mirror (NALM) based Er:fiber modelocked laser. The output optical spectrum is shown in Fig. 1(b) . The low frequency and high frequency phase jitter PSD have been characterized separately. At first, we use an optical spectrum analyzer to record a series of output spectra over 30 minutes. The relative phase change can be retrieved from the wavelength shift of interference fringes. The PSD at low frequency (< 100 mHz) is obtained by Fourier transform, as shown in Fig. 2(a) curve (i). For high frequency phase jitter PSD characterization, the method is borrowed from a recent carrier envelope phase noise measurement [4] . Two reflective FBGs with center wavelengths of λ 1 =1553 nm and λ 2 =1556 nm filter out two selected narrow wavelengths belong to one interference fringe (as shown in the inset of Fig. 1(b) ). The two wavelengths are tuned to similar average power by attenuators and directed into separate detectors of a balanced photodiode detector (Thorlabs PDB420C). The relative phase change of the soliton molecule will result in a proportional differential voltage while balanced photodetection effectively eliminates common-mode intensity fluctuations. A fast Fourier transform(FFT) analyzer and a rf spectrum analyzer are implied to characterize the relative phase noise spectrum of the soliton molecule, as shown in Fig. 2(a) curve (ii) . The high frequency PSD (curve ii) has been calibrated by interpolating curve (i) towards high frequency. For the Fourier frequency < 1 kHz, the spectrum shows a 1/f 2 slope characteristic. This slope indicates a random walk of the relative phase between the two pulses. For the frequency beyond 1 kHz, the spectrum is dominated by white phase noise and starts to roll off at > 1 MHz, meaning that the phases of the two solitons are bounded within ~ 1 MHz bandwidth. The spikes at ~ kHz arise from acoustic vibrations. We also measure the relative intensity noise (RIN) of the soliton molecule, as shown in Fig. 2(b) . The RIN spectrum has the similar acoustic spikes at ~ kHz and rolling off features at > 1 MHz. This indicates that AM-PM conversion plays an important role in relative phase jitter dynamics between the two solitons. 
Conclusion
To the best of our knowledge, we characterized the relative phase PSD for a temporal soliton molecular for the first time. The study provides a new perspective towards the soliton molecular dynamics and may contribute to the development of more rigorous models of complex nonlinear systems. The authors thank Thomas R. Schibli in University of Colorado at Boulder for valuable discussions.
